The present manuscript experimentally demonstrates multi-wavelength generation from a thulium-doped all-fiber laser by implementing a multi-cavity Fabry-Perot filter. The filter, with a composition that relies of several silica-air and air-silica interfaces, provide a spectral reflection response that allows the laser to be operated in single-, dual-or triple-wavelength emissions by simple and clear adjustment of the polarization state. In this way, the fiber laser is capable to operate over a broad range of wavelengths extending from 1844 to 1928 nm. In addition, dual-wavelength operations are also feasible in the 1844 and 1928 nm regions, exhibiting a mode spacing of 4.41 nm and 1.62 nm, respectively. Beside this, the laser is able to switch to a sextuple-wavelength operation regime in the 1885 nm region, maintaining a minimum wavelength spacing of 1.53 nm. The laser demonstrates high wavelength stability, with variations below 60 pm at all analyzed wavelengths, and a minimum peak power fluctuation of ±2.77 dB.
Introduction
All-fiber multi-wavelength thulium-doped fiber lasers (TDFLs) capable to operate near the 2-μm region have received a great deal of attention in recent years; this has to do mainly with their potential of practical applications in science and industry [1] - [6] . At present, several approaches have been reported to perform stable multi-wavelength generation in TDFLs [7] - [20] . These methods include, for example, the use of Sagnac loop mirrors [7] , [9] , [15] , [16] , Fabry-Perot [18] or Mach-Zehnder [8] , [11] , [16] interferometers, specialty optical fibers [11] , [19] , mode-beating filters [7] , [12] , and fourwave mixing techniques [10] , among others [13] , [17] , [20] . Recently, the fiber laser community have spent its efforts to develop fiber-optic devices operating in the 2-μm region, as a consequence, new configurations of fiber components and TDFLs continue to be suggested following this research line. Furthermore, an endeavor has been realized towards multi-wavelength generation, and a small number of all-fiber-based filtering devices have been proposed and demonstrated. In this regard, our group has previously investigated multi-cavity Fabry-Perot interferometers (MFPIs), whose composition relies on several in-fiber air microcavities that modify the spectral reflection response of a Fabry-Perot (FP) interferometer. By using this device, multi-wavelength operation was successfully achieved in the 1550 nm region [14] . In this paper, with the purpose of demonstrating the MFPI versatility, this device is operated near the 2-μm region as a wavelength-selective filter in a TDFL. Wavelength operation is controlled by simple and clear adjustments of the polarization state. In this way, the TDFL is capable to operate in single-, dual-, triple-and even sextuple-wavelength regimes. The inherent advantages of the present approach can be summarized as follows: (i) high side-mode suppression ratio (SMSR), reaching a maximum value of 43.5 dB, (ii) narrow laser linewidth, as the intrinsic filtering properties of the MFPI produce laser bandwidths on the order of tens of picometers [14] , (iii) simplicity in fabrication, as the laser does not require complicated procedures and avoids the inclusion of non-commercial optical fibers, and (iv) being an all-fiber device, it can handle high power. In addition to these benefits, our approach preserves the stability and robustness required for the all-fiber devices.
Experimental Setup
The experimental setup of the all-fiber laser is shown in Fig. 1 . A conventional fiber laser source emitting at 1567.5 nm with a maximum output power of 1.2 W is used to pump a 3-m long thuliumdoped fiber (TDF, CorActive SCF-TM-8/125) through a 1550/2000 nm wavelength division multiplexer (WDM). At the opposite end of the TDF, a second WDM is included to extract the unabsorbed pump radiation. Then, an in-line polarization controller (PC) is connected to adjust the polarization state prior to the multi-cavity Fabry-Perot interferometer (MFPI). The MFPI operates in a reflective mode, and serves as a wavelength selective filter. At the other extreme in the laser cavity, a fiber optic loop mirror (FOLM) is included to close the linear cavity. The FOLM consists of a 2 × 2 fiber coupler with 25/75 coupling ratio and two of its output ports connected together, with this configuration the coupler serves as a nearly flat partially reflecting mirror and also provides the laser output.
The MFPI is fabricated following the process described in ref. [21] , and its operation relies on several micrometer-scale Fabry-Perot microcavities (MCs), as indicated in the inset of Fig. 1 . The MCs, conformed of several silica-air and air-silica interfaces, provide a spectral reflection response that allows the laser to be operated in a multiple wavelength regime. With the purpose to analyze the filter response around the 2-μm region, a conventional thulium amplified spontaneous emission (ASE) source was developed in order to illuminate the MFPI, and its spectral reflection response was measured with an optical spectrum analyzer (OSA, Yokogawa AQ6375). The reflectance spectrum, obtained from the difference between the MFPI reflection spectrum and the ASE light source, is depicted in Fig. 2 over a range of wavelengths from 1820 to 2000 nm. It reveals a sinusoidal response with a minimum insertion loss of 18 dB at 1840nm. The inset in Fig. 2 shows a few periods of the reflectance spectrum measured with a 50 pm resolution, where a comb-like spectral response is clearly observed. The free spectral range and the signal-to-noise ratio of the comb-like spectrum are 1.48 nm and 18 dB, respectively.
Results
Initial experiments were carried out in order to investigate the laser performance and operating wavelengths as a function of pump power. At this point the PC position is not altered, as a result, the laser is capable to operate successively in single-, dual-and triple-wavelength regimes by incrementing the pump power. The Fig. 3(a) shows the output light spectra obtained by increasing the pump power in a range between 354 and 703 mW. It can be observed that laser emission is initially achieved at 1885.92 nm with a pump power of 354 mW; then a dual-wavelength operation takes place at the pump power of 487 mW, here a lasing mode at 1928.42 nm appears at the right of previous lasing mode. The triple-wavelength operation is reached at 703 mW of pump power, corresponding to laser emission at 1844.74, 1885.92 and 1928.42 nm simultaneously. A detailed view of triple-wavelength emission is provided in Fig. 3(b) , where a wavelength spacing of ∼42 nm between adjacent lines is measured. This mode spacing originates from the separation between the maximum reflectance peaks of the MFPI, see Fig. 2 . According to Figs. 3(c) -(e), where each of the laser lines were obtained with a 50 pm resolution, 3-dB bandwidths of 80, 70 and 60 pm were measured at the corresponding wavelengths of 1844.74, 1885.92 and 1928.42 nm, respectively. From these results, side mode suppression ratios of 42.5, 43.5 and 29 dB are observed at the corresponding wavelength emissions. However, these side mode suppression ratios could be re-adjusted by changing the length of active fiber [22] .
The laser stability at triple wavelength operation was analyzed by repeatedly measuring the output spectrum at time intervals of 5 minutes for 60 minutes; the results are shown in Fig. 4 . The peak power fluctuations are depicted in Fig. 4(a) , they amount to ±1.38, ±3.19 and ±4.18 dB at the wavelengths of 1844.74, 1885.92 and 1928.42 nm, respectively. These power fluctuations are strong related with several factors, such as strong mode competition, pump power fluctuations, vibrations of the mechanical elements, and variations in room temperature. These effects will alter the laser performance leading to a peak power fluctuation of several decibels. Fig. 4(b) shows wavelength variations, this measurement reveals a drift of ±20, ±40 and ±25 pm for 1844.74, 1885.92 and 1928.42 nm, respectively. These results demonstrate a high wavelength stability and reasonably good power uniformity for the proposed fiber laser. On the other hand, by incrementing the pump power up to 1.16 W and adjusting the polarization state into the laser cavity, the laser is switched to a multiple wavelength emission regime in the 1885 nm region, see Fig. 5(a) . A maximum number of 6 laser lines are generated in a range between 1879.69 and 1887.41 nm. The highest and lowest peak power values observed in the experiment are around 4.3 and −12.3 dBm, corresponding to the wavelengths of 1881.20 and 1887.41 nm, respectively, obtaining a peak power difference of 16.6 dB. The laser lines are equally spaced by around 1.53 nm, this value corresponds with the minimum free spectral range (FSR) of the MFPI. The 3-dB linewidths for this multi-wavelength emission were measured under 80 pm in all cases. Fig. 5(b) illustrates the laser stability, showing a maximum wavelength drift below ±60 pm for all the presented wavelengths and a maximum peak power fluctuation of ±8.14 dB at 1884.29 nm wavelength (λ 4 ).
It is worth pointing out that a dual-wavelength operation in the 1928 or 1844 nm regions was also achieved by maintaining the pump power around 1 W and adjusting the polarization controller. Fig. 6 illustrates the output light characteristics in both regions. For all presented wavelengths, a drift below 43 pm is measured. Fig. 6(a) illustrates the dual-wavelength operation at 703 mW of pump power. Laser emissions at 1926.75 and 1928.37 nm are observed with a wavelength spacing of around 1.62 nm, this value is consistent with the minimum FSR of the MFPI, the 3-dB laser bandwidths were estimated as 70 and 60 pm, respectively. From this result, a maximum SMSR of 36.4 dB is observed. Fig. 6(b) illustrates the laser stability exhibiting a strong mode competition as a result of the close wavelength spacing, leading to a maximum pump power fluctuation of ±5.6 dB at 1926.75 nm. Fig. 6(c) illustrates the dual-wavelength emission in the 1845 nm region, in which laser emissions at 1844.76 and 1849.17 nm were observed with a wavelength spacing of 4.41 nm (which roughly corresponds to three times the FSR of the MFPI). The laser exhibits a bandwidth close to 70 and 60 pm for the wavelengths of 1844.76 and 1849.17 nm, respectively. A SMSR as high as 41.67 dB is observed at 1844.76 nm. The characteristics of laser stability is shown in Fig. 6(d) , here power instabilities of ±13.8 dB are presented for 1844.76 nm over a time span of 40 minutes.
Compared to recently reported multi-wavelength Tm-doped all-fiber lasers, our scheme possesses the advantages of being a simple structure of easy fabrication. Its capacity to generate multiple wavelength emission is controlled by adjustments of the intracavity polarization state, providing an extra degree of freedom to tune the laser operation. Previous results on this direction demonstrate that changes in the polarization state alter the interference signal of the MFPI [23] , thus affecting the gain-loss profile in the laser cavity. As a result, several multi-wavelength spectrums can be achieved in different regions. In respect to power efficiency, it was measured below one percent for all the presented cases. This low efficiency could be attributed to the high insertion loss of the MFPI, which possess a minimum of −18 dB at 1840 nm. Further optimization of the MFPI is required in order to improve the laser efficiency.
Conclusion
A multi-wavelength thulium-doped all-fiber laser is demonstrated based on a multi-cavity FabryPerot interferometer. The laser is operated by controlling the pump power as well as the intracavity polarization state, the laser could be operated at single-, dual-or triple-wavelength emission in the range from 1844 to 1928 nm. In addition, the laser is able to switch to a sextuple-wavelength operation in the 1885 nm region, maintaining a minimum wavelength spacing of 1.53 nm. At pump power levels of 1 W, dual-wavelength operation is also feasible in both the 1844 and 1928 nm regions. The laser maintains high wavelength stability, with variations ranging from ±20 pm to ±60 pm and reasonably low peak power fluctuations from ±2.77 dB to ±13.73 dB for all generated wavelengths. The merits of this laser are its reliability and simplicity of fabrication.
